Cosmological CPT violation will rotate the polarized direction of CMB photons, convert partial CMB E mode into B mode and vice versa. It will generate non-zero EB, TB spectra and change the EE, BB, TE spectra. This phenomenon gives us a way to detect the CPT-violation signature from CMB observations, and also provides a new mechanism to produce B mode polarization. In this paper, we perform a global analysis on tensor-to-scalar ratio r and polarization rotation angles based on current CMB datasets with both low (Planck, BICEP2/Keck Array) and high (POLARBEAR, SPTpol, ACTPol). Benefited from the high precision of CMB data, we obtain the isotropic rotation angleᾱ = −0.01 • ± 0.37 • at 68% C.L., the variance of the anisotropic rotation angles C α (0) < 0.0032 rad 2 , the scale invariant power spectrum D αα ∈[2,350] < 4.71 × 10 −5 rad 2 and r < 0.057 at 95% C.L.. Our result shows that with the polarization rotation effect, the 95% upper limit on r gets tightened by 17%.
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I. INTRODUCTION
In the standard model of particle physics, the Charge-Parity-Time Reversal (CPT) symmetry is an exact symmetry and occupies a fundamental status. So probing CPT violation is an important way to test the standard model, and a very useful approach to searching for the new physics. Up to now, CPT symmetry has passed a number of highprecision experimental tests and no definite signal of its violation has been observed in the laboratory. So, the CPT violation, if exist, should be very small to be amenable to the laboratory experimental limits.
However, the CPT symmetry could be dynamically broken in the expanding universe. For instances, in Refs. [1] [2] [3] [4] [5] , the cosmological CPT violation has been considered to generate the baryon number asymmetry in the early universe. A notable property of this kind of baryogenesis models is that the CPT violation at present time is too small to be detected by the laboratory experiments, but large enough in the early universe to account for the observed baryon number asymmetry. As shown in Refs. [6] [7] [8] , such type of CPT violations might be observed by the cosmological probes. With the accumulation of high-quality observational data, especially those from the cosmic microwave background (CMB) experiments, cosmological observation becomes a powerful way to test CPT symmetry.
Generally the cosmological CPT violation in the photon sector can be modeled by the coupling between photons and an external field θ(x) through the Chern-Simons Lagrangian,
where F µν = ∂ µ A ν − ∂ ν A µ is the electromagnetic tensor and F µν = (1/2) µνρσ F ρσ is its dual. If θ is a constant, the Chern-Simons term will have no effect on the dynamics of photons because the Pontryagin density F µν F µν is a total derivative and the vacuum here is topological trivial. There are at least two approaches to get θ(x) as a variable. With the first approach, θ(x) = p µ x µ is constructed by a non-dynamical vector p µ . However when considering the couplings to gravity, this case is not compatible with general relativity and its covariant extensions [9] . In the second approach, θ(x) = f (φ(x)),where f (φ(x)) is a general function of a dynamical scalar field φ(x). Such a scalar field may be the dynamical dark energy [10] [11] [12] as in Refs. [1, 2] , or axion-like field, or the curvature of spacetime [3, 4] . During the evolution of the universe, θ(x) is treated as an external field, its evolution or configuration picks up a preferred frame, so that the Chern-Simons term (1) is not invariant under Lorentz and CPT transformations. The physical consequence of this CPT violation is to cause the rotations of the polarization directions of photons when propagating in the space. This holds for both the homogeneous and inhomogeneous universe [13] . In terms of the Stokes parameters for linear polarized photons, the rotation can be expressed as
where the rotation angle is twice the integral of ∂ µ θ along the light ray from the source to the observer,
2 and finally depends on the difference of θ between the observer and the source. For CMB, the source is on the last scattering surface, when setting the observer at the origin point of the coordinate system, the rotation angle is generally expressed as
where n represents the direction of the point at the last scattering surface and ∆η = η 0 − η lss is the conformal time difference of the present time to the last scattering surface. The rotation has the ability to convert part of E-mode polarization to B-mode polarization, and vice versa. This will change the power spectra of CMB polarization, especially induce nonzero TB and EB spectra [7, 14] . Such effects give a way to detect or constrain the rotation angle, then the CPT-violation signature with CMB data. The rotation angle α(n) is generally a direction dependent scalar field on 2-d sphere, as shown in Eq. (4). It is originated from the dynamics of the scalar field φ(x) and is expected to have position dependent fluctuations due to the dynamical feature. It is natural to split α(n) into the isotropic and the anisotropic parts α(n) =ᾱ + δα(n) as we have usually done in the cosmological perturbation theory. The isotropic rotation angle,ᾱ, can be considered as the mean of α(n) over the sphere. At the leading order, we may only consider the isotropic rotation angle as an approximation. For this case, the rotated CMB power spectra have simple forms [7] , the details will be presented in the next section. With WMAP and BOOMERANG (B03) data, Feng et.al [7] has performed the first measurement on rotation angle. Since then, a lot of works have been done in terms of the observed CMB polarization data along this line. The isotropic rotation angleᾱ has been constrained by various collaborations of CMB surveys, including QUaD [15] , WMAP [16] , ACTPol [17] and Planck [18] , and by combined datasets including CMB and LSS observations [19] [20] [21] . The constraint onᾱ in these works is found to be at level of one degree.
A comprehensive study on the Chern-Simon effect should include the anisotropies of the rotation angle [13] . If the anisotropies are random and satisfy the Gaussian statistics, they can be described fully by an angular power spectrum C αα . In terms of C αα , Ref. [13, 22] derived the formulae of distortion effect on CMB power spectra in a non-perturbative way, and then Ref. [22, 23] constrained the anisotropies by global fitting to the combination of CMB observations. Anisotropic rotation angles are also studied in Ref. [24] [25] [26] using the four point correlation function method. In this way, the constraints on the anisotropies of rotation angle with WMAP-7 [27] , POLARBEAR [28] , and BICEP2/Keck Array [29] were obtained. Up to now, these results showed that the anisotropies of the rotation angle, if exist, should be very small.
On the other hand, rotation angle also provides another mechanisms of producing CMB B-mode polarization, so that it will affect the detection of PGW. Authors in Ref. [30] studied the degeneracy between r and the isotropic rotation angle. Authors in Ref. [23, 31] studied the degeneracy between r and the anisotropic rotation angles through a global fitting to combination data of BK14 and Planck 2015. They found the peak feature in the one-dimensional probability distribution of r reported in BICEP2/Keck Array collaboration paper [32] disappeared after taking rotation angle effect into account.
In this paper, we perform a comprehensive global fitting on r and the isotropic/anisotropic rotation angles with current CMB data. Besides the low CMB data (PLANK [33] , BICEP2/Keck Array [32] ), we also adopt the latest CMB data with high such as the POLARBEAR [34] , SPTpol [35, 36] , ACTPol [17] . Our results show that isotropic and anisotropic rotation angles generate B mode in different ways. In general, the BB spectrum, especially at small scales, is more sensitive to the anisotropic angles than the isotropic one.
This paper is organized as follows: in Section II we briefly review the effects of polarization rotation on the CMB power spectra and introduce the basic formulae for numerical calculations; in Section III we describe the datasets adopted in this work and the numerical result of the global analysis; Section IV dedicates to the summary.
II. ROTATED CMB POLARIZATION POWER SPECTRA
In this section, we first briefly review the effects of polarization rotations induced by CPT violation on CMB. Then we will introduce the basic formulae used for numerical calculations in this paper.
The rotated CMB power spectra can be obtained by applying Eq. (2) to the angular power spectra. For the isotropic rotationᾱ, the rotated spectra take the following form [7] :
More generally, we should consider fluctuation of the rotation angle δα(n), which gives rise to further distortions to the power spectra. To start with, we expand δα(n) in series of spherical harmonics:
where α m denotes the corresponding coefficient of the spherical harmonic expansion. If δα(n) is a Gaussian random field, it is fully described by the two-point correlation function C α (β) in the pixel space or the power spectrum C αα in the angular space. They are related through the following equation,
where P (cos β) is the Legendre polynomial and cos β ≡ n · n . Note that after treating the anisotropy of the rotation angle as a Gaussian random field, the effects on CMB are totally presented in the rotated CMB power spectra. With these the rotated CMB power spectra have the following forms [13, 22] :
where d 22 , d −22 are the Wigner small d matrices. Note that Eq. (8) reduces to the isotropic version as Eq. (5) if the power spectrum of rotation angle C αα vanishes. The integrals on the right hand side are computational expensive for large . In order to speed up, we deduce the exponential terms in the Eq. (8) through Taylor series:
Note that |C α (β)| ≤ C α (0) since the absolute value of Legendre polynomial is always less than or equal to 1. According to the results presented in our previous work [22, 23] , the constraint on the variance C α (0) < 0.02 at 95% confidence level, so that both C α (β) and C α (0) can be treated as small variables. Keep the expansion to the first order, the corresponding difference due to the polarization rotation can be expressed as:
where δ C EE l,0 , δ C BB l,0 represent the changes of the EE, BB power spectra due to the isotropic rotation angleᾱ, and δ C EE l,1 , δ C BB l,1 represent the variation induced by the anisotropic rotation δα(n).
Substituting Eq. (9) into (8), we obtain the expression to the first order :
where sum = + + , W α is weighting coefficient in terms of power spectrum of the anisotropic rotation angle, and M , , represents weighting factor composed by the square of Wigner 3-j symbol, i.e.,
Since the isotropic rotation angle is tightly constrained [18] , generally we have C BB ,0 C EE ,0 . In that case, C EE ,0
dominates the effect of anisotropic rotation angles in Eq. (13) and δ C BB ,1 will be positive. To see this intuitively, we plot the polarized CMB spectra in Fig. 1 to illustrate the effect of the polarization rotation angle . Here we consider a typical model with key parameters chosen as: the tensor-to-scalar ratio r = 0.01, the isotropic rotation anglē α = 1 • , and a scale invariant power spectrum of anisotropic rotation angles D αα = ( + 1)/2π · C αα = 1 × 10 −4 rad 2 which corresponds to the variance of rotation angle C α (0) 0.001 . The solid black lines in both panels represent the un-rotated CMB power spectra, the solid red line and dashed blue lines represent δ C ,0 and δ C ,1 , respectively. Generally, from the figures we can see that the isotropic part dominates the variation in EB/TB power spectra. The isotropic rotation angle reduce the EE spectrum and raise up the BB spectrum. The anisotropic rotation angles also has this feature and furthermore it raises EE spectrum in the scale where EE spectrum approaches zero. This is because the anisotropic rotation angles affects the CMB power spectra at larger multipole region than the isotropic rotation angle, which can be obviously seen by comparing Eqs. (11) , (12) , and (13) . When it comes to the small scale, δ C EE ,0 , δ C BB ,0 damps to zero quickly since the isotropic rotation angle only coverts the E and B modes to each other at the same scale. However, the contribution due to the anisotropic rotation angles is basically a convolution over all scales of the E, B modes.
III. NUMERICAL ANALYSIS
We modify the public available Markov Chain Monte Carlo package for cosmological study CosmoMC [37] and perform a global fitting analysis by combining current CMB measurements at all scales: the Planck 2018 temperature and polarization data, specifically, containing high TT, TE, EE spectra with 30 < < 2508, low TT, TE, EE, BB spectra with 2 < < 30 and lensing data; the BB spectrum of BK15 dataset with 30 < < 600; the SPTpol dataset including the BB spectrum released in 2014 with 300 < < 2300, and the TE, EE spectra released in 2017 with 50 < < 8000; the ACTPol dataset including the contamination-marginalized TT, TE, EE spectra with 350 < < 4000; the POLARBEAR BB spectrum released in 2014 with 500 < < 2100. We neglect any correlation between these datasets.
In our fittings, the basic parameter space is defined as P ΛCDM + r ≡ (ω b , ω c , Ω Λ , τ, A s , n s , A lens , r). In order to investigate the influence induced by the polarization rotation, we further consider two types of extension to the basic parameter space as P ΛCDM + r +ᾱ and P ΛCDM + r +ᾱ + C α (0) + D αα , where the ω b ≡ Ω b h 2 is the physical baryon density relative to the critical density, the ω c ≡ Ω c h 2 , Ω Λ are the ones to the cold dark matter and dark energy, τ is the optical depth during the reionization epoch, A s and n s are the amplitude and spectral index of the primordial scalar perturbation, r is the tensor-to-scalar ratio which characterizes the amplitude of the primordial gravitational waves, A lens is the amplitude of the lensing spectrum, and we set the pivot scale of primordial spectra as k = 0.05 Mpc −1 . For the additional parameters of CPT-violating effect,ᾱ means the isotropic rotation angle, D αα is the power spectrum of anisotropic rotation angles defined as ( + 1)/2π · C αα .
We take six parameters D αα (i), i ∈ [1, 6] , as the binned power spectrum, where each parameter represents the average value within the multipole range of [2, 350) Note that we neglect power spectrum of anisotropic rotation angles with multipole beyond 2500. C α (0) is the variance of anisotropic fluctuation of rotation angles, and we treat it as an independent parameter here following the ways in the papers [22, 23] . Naturally, C α (0), D αα (i) are set to be positive definite parameters in this work.
We list the constraints on tensor-to-scalar ratio and polarization rotation parameters in Table I . Relevant one dimensional distributions are also plotted in Fig. 2 . For the other parameters of the canonical ΛCDM model, we do not find any significant change on their constraints whether the polarization rotation effect is considered or not. 
In order to validate our code, we apply the P ΛCDM + r model in the first place, and obtain the constraint on r: r < 0.069 at 95% confidence level, which is consistent with that derived from the BICEP2/Keck collaboration [32] .
Similarly, we perform the global fitting using the same CMB datasets but considering polarization rotation effects induced by Chern-Simons interaction. We first concentrate on the derived limits of polarization rotation parameters. For the isotropic rotation angle, we find the CMB datasets can hardly constrain it very well, since the isotropic angle mainly causes deformation of CMB TB/EB spectra and the datasets we considered lacks in these regards. We obtain the 1σ constraint onᾱ = −0.06 • ± 0.64 • under the P ΛCDM + r +ᾱ model, andᾱ = −0.01 ± 0.37 when the anisotropic rotation is also considered. Both of them agree with the result of Planck [18] . For the constraints on the anisotropic rotation angles, we obtain the constraint on the variance of rotation angle C α (0) < 0.003 at 95% confidence level, which improves the result in Ref. [22, 23] by one order of magnitude. Meanwhile, the upper limitations on binned power spectra of anisotropic rotation angles C αα we derived here will reach 10 −9 ∼ 10 −8 after taking the factor ( + 1)/2π off, which enhanced the results reported in [23] by one order of magnitude. These improvements are primarily from the CMB datasets with high , such as POLARBEAR, ACTPol and SPTPol. Anisotropic polarization rotation tends to increase the CMB BB spectrum over almost all multipoles, so that when it comes to the CMB data at small scale, the anisotropic angles will be constrained much tighter than the isotropic one.
So far as the constraint on r is concerned, we find that the 2σ upper limit of r shrinks to r < 0.057 when including the anisotropic polarization rotation effect. More interestingly, from the probability distribution functions of r in Fig.  2 , we can see that the peak shifts to left and finally disappears due to the polarization rotation, since the polarization rotation angle shares a cut of B mode which is thought to be originated by primordial tensor perturbation. This phenomena attributes to our previous research [31] on the degeneracy between r and polarization rotation angle, that it is necessary to consider the potential impact induced by the rotation angle if we attempts to pick up the weak signal of primordial tensor perturbation from CMB BB spectrum. One dimensional posterior distributions of tensor-to-scalar ratio r as well as isotropic/anisotropic rotation angles. The blue line is the constraint for ΛCDM model with r extension, the red line is for gravitational wave and isotropic rotation angle extension, and black line represents for both gravitational wave and isotropic/anistropic rotation angle extension. The unit of X-axis for the plot ofᾱ is degree, and the ones for the plots of D αα are radians square.
IV. SUMMARY
In this work we performed a global fitting on CMB B mode parameters [38] with latest CMB data from Planck, BICEP2/Keck Array, POLARBEAR, SPTpol, and ACTPol. We obtained the isotropic rotation angleᾱ = −0.01 • ± 0.37 • at 68% C.L, and the 95% C.L. upper limit on the variance of the anisotropic rotation angles C α (0) < 0.0032 rad 2 . We binned the power spectrum of polarization rotation angle and obtained the constraint D αα ∈[2,350] < 4.71×10 −5 rad 2 . Meanwhile, after considering the rotation angle effects, we found that the one dimensional posterior distribution of r is changed , and its 95% C.L. upper limit gets tightened from 0.069 to 0.057.
